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ABSTRACT
Context. Transitional disks are protoplanetary disks around young stars that display inner holes in the dust distribution within a few
au, that are accompanied by some gas accretion onto the central star. These cavities could possibly be created by the presence of one
or more massive planets that opened a large gap or even cleared the whole inner region.
Aims. If the gap is created by planets and gas is still present in it, then there should be a flow of gas past the planet into the inner
region. It is our goal to study in detail the mass accretion rate into this planet-created gap in transitional disks and in particular the
dependency on the planet’s mass and the thermodynamic properties of the disk.
Methods. We performed 2D hydrodynamical simulations using the grid-based FARGO code for disks with embedded planets. We
added radiative cooling from the disk surfaces, radiative diffusion in the disk midplane, and stellar irradiation to the energy equation
to have more realistic models.
Results. The mass flow rate into the gap region depends, for given disk thermodynamics, non-monotonically on the mass of the
planet. Generally, more massive planets open wider and deeper gaps which would tend to reduce the mass accretion into the inner
cavity. However, for larger mass planets the outer disk becomes eccentric and the mass flow rate is enhanced over the low mass cases.
As a result, for the isothermal disks the mass flow is always comparable to the expected mass flow of unperturbed disks ˙Md, while
for more realistic radiative disks the mass flow is very small for low mass planets (≤ 4 Mjup) and about 50 % of ˙Md for larger planet
masses. The critical planet mass that allows the disk to become eccentric is much larger for radiative disks than for purely isothermal
cases.
Conclusions. Massive embedded planets can reduce the mass flow across the gap considerably, to values of about an order of mag-
nitude smaller than the standard disk accretion rate, and can be responsible for opening large cavities. The remaining mass flow into
the central cavity is in good agreement with the observations.
Key words. accretion, accretion disks – protoplanetary disks – planet-disk interactions – planets and satellites: formation hydrody-
namics – methods: numerical
1. Introduction
The early stages of planet formation take place in protoplan-
etary disks around young stars and the growing and evolving
planets shape the structure of the disks. One important obser-
vational goal is the detection of signatures that give direct hints
of the presence of planets in such disks. One class of systems
that have been linked to planets are the so-called transitional
disks that show a deficiency in the IR excess in their spectral
energy distribution (SED) and/or show an extended inner hole
in the disk in direct images. In recent years many of these tran-
sitional disks have been discovered, for example by the Spitzer
Space Telescope (Muzerolle et al. 2010; Kim et al. 2013). The
occurrence rate of transitional disks rises monotonically with age
from about 1 % at an age of one million years to about 20 % at
8 million years (Muzerolle et al. 2010) and so they are poten-
tially very interesting indicators of the late phase in the planet
formation process. Disks with gaps or completely cleared inner
cavities usually fshow mass accretion onto the star, but with ac-
cretion rates ˙M typically an order of magnitude smaller than that
of a continuous disk (Kim et al. 2013). As there is a clear de-
crease in ˙M from continuous disks over disks with gaps to disks
with cavities, Kim et al. (2013) suggest that the presence of sub-
stellar companions (planets) may be the most likely explanation
of the properties of transitional disks.
Growing planets can open gaps within the disk after accumu-
lating a sufficient amount of mass, and so they constitute a natu-
ral possible explanation (Lin & Papaloizou 1993). Indeed, single
planet simulations of embedded planets could show the forma-
tion of large inner cavities with a reduced mass flow through
the inner hole (Quillen et al. 2004; Varnie`re et al. 2006). In these
simulations, a massive Jupiter-like planet opened a gap in the
disk and the inner cavity was cleared out rapidly through mass
flow through the inner boundary onto the star. While it was pos-
sible to produce a deep cavity, it has been pointed out that this
may be due to the special outflow boundary condition used at the
inner edge (Crida et al. 2007). Additional clearing of the inner
disk in the case of one embedded planet region may also be me-
diated by disk photo-evaporation (Alexander & Armitage 2009),
which has been investigated in simulations by Rosotti et al.
(2013). Here, the timescale of the evaporation process has to
be chosen such that it is compatible with the observed long life
times of accretion in T Tau disks (Zhu et al. 2011). Because it
is known that multiple planets can clear out much deeper and
wider gaps than single planets (Kley 2000), it has been suggested
that the large gaps and inner cavities may be caused by the pres-
ence of multiple (up to four) planets (Dodson-Robinson & Salyk
2011; Zhu et al. 2011). In this scenario, however, mass transfer
has to occur across the planets and the system has to be dynam-
ically stable over long timescales.
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The recent observations presented by Mayama et al. (2012)
that show a kind of spiral arm connecting the outer disk through
the cleared area with the star strengthened these hints of plan-
ets within transitional disks. In either case, multiple planets or a
single planet, the important question is, how strong is the mass
flow from the outer disk across the planet into the inner cavity
onto the star?
Even though the option of multiple planets has been sug-
gested as a possible cause for the observed properties of tran-
sitional disks, we will nevertheless focus in this paper of the
effect of single embedded planets in the disk. As pointed out
above, even in the presence of multiple planets it is necessary
for mass to flow from the outer disk into the inner gap region to
provide for the observed accretion signatures onto the star. Here,
we focus on the dynamics of single massive planets that are sur-
rounded by an outer accretion disk and no inner counterpart. For
smaller mass planets (< Mjup) the mass accretion rate across a
gap has been analysed by Lubow & D’Angelo (2006). This sin-
gle planet could be considered the outermost in a multi-planet
system. Our simulations will give important information about
the mass flow from the outer disk into this planetary system.
We are particularly interested in the amount of mass that can
flow across massive planets into the inner cavity. For this pur-
pose we have performed a detailed analysis of this process con-
sidering planets of different masses. Additionally, we have im-
proved on the thermodynamics of the disk and consider isother-
mal as well as radiative disks with and without irradiation from
the central star.
In Sect. 2 we describe our physical and numerical modelling
of the process. The standard model is described in Sect. 3. In
Sect. 4 we present the results of the isothermal runs for differ-
ent planet masses together with some numerical tests. This is
followed in Sect. 5 by the radiative results that are compared to
even more extended models that include irradiation in Sect. 6.
2. Model set-up
2.1. Physics and equations
We assumed an infinitesimally thin disk around the star and
therefore solved the vertically integrated versions of the hydro-
dynamical equations. For the coordinate system we chose cylin-
drical coordinates (r, ϕ, z), centred on the star where the disk lies
in the equatorial z = 0 plane.
The vertically integrated versions of the continuity equation
and the equations of motions in the r–ϕ plane can be found in
Mu¨ller & Kley (2012, Section 2.1). Here, we included an energy
equation to allow for a more realistic thermodynamic treatment
of the disk. The vertically integrated energy equation reads
∂e
∂t
+ ∇ · (ev) = −p∇ · v + Q+ − Q− , (1)
where e is the internal energy density, Q+ the heating source
term, and Q− the cooling source term.
The cooling term Q− is given by the vertically integrated di-
vergence of the radiative flux,
F = −
4σR
3ρκ ∇T
4 , (2)
where σR is the Stefan-Boltzmann constant, ρ the density, κ the
Rosseland mean opacity and T the temperature. It can be written
as
Q− = −
∞∫
−∞
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dz
≈ − Qrad − 2H ∇ · (K∇T ) . (3)
Here Qrad describes the radiative losses from the disk sur-
faces which is calculated using suitably averaged opacities
(Mu¨ller & Kley 2012, Sect. 2.1), and the second term corre-
sponds to the radiative diffusion in plane of the disk; H = cs/ΩK
is the pressure scale height given by the midplane sound speed,
cs, and the Keplerian rotational angular velocity,ΩK, of the disk.
The coefficient of the radiative diffusion in the r–ϕ plane is given
by K = − 16σR3ρκ T
3
.
The heating term Q+ consists of the viscous dissipation Qvisc
and the irradiation from the star Qirrad. The stellar irradiation to
one surface of the disk can be approximated by
Qirrad = βσRT 4star
(Rstar
r
)2
(4)
(Gu¨nther et al. 2004), where Tstar is the effective photospheric
temperature of the star and Rstar the radius of the star. The factor
β accounts for the non-perpendicular impact of the irradiation
from the star onto the disk.
2.2. Numerical considerations
We used the adiabatic version of the FARGO code (Masset 2000;
Baruteau 2008). For the radiative cooling Qrad from Eq. 3 we
used our implementation from Mu¨ller & Kley (2012). The ra-
diative diffusion source term is solved separately after the rest of
the source-terms as a flux-limited diffusion equation for the tem-
perature (Kley 1989; Kley & Crida 2008). We solve it implicitly
using a successive over-relaxation (SOR) method. For the stellar
irradiation we implemented the approximation by Gu¨nther et al.
(2004).
The planet in the disk has a Plummer type gravitational
potential to account for the vertical extent of the disk and to
avoid numerical problems of a point-mass potential. We used
a smoothing value of ǫ = 0.6 H as this describes the vertically
averaged forces very well (Mu¨ller et al. 2012).
To avoid numerical problems the density cannot fall below a
minimum value of Σfloor = 10−7 · Σ0, where Σ0 is the reference
density at r = rjup = 5.2 au, and the temperature is always at
least Tfloor = 3 K, which is about the temperature of the cosmic
background radiation.
Because the disk has an abrupt end at the inner edge of the
computational domain, the stellar irradiation produces here arti-
ficial high temperatures because of the large amount of energy
deposited. To account for this we introduced an estimated hor-
izontal optical depth τ˜ by rescaling the vertical optical depth τ
(see Mu¨ller & Kley 2012, Eq. 12) by the radial extent of the cor-
responding grid cell
τ˜i, j = τi, j
ri+1 − ri
(hr)i, j
, (5)
where h = H/r is the aspect ratio of the disk. If τ˜i, j < 1 we
set Qirrad = 0. This simple procedure keeps the temperatures
within the gap region regular and allows for standard heating in
the outer parts of the disk.
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Table 1. Parameters of the standard disk model.
Star mass (Mstar) 1 M⊙
Star radius (Rstar) 1 R⊙
Planet mass (Mp) 4 Mjup
Adiabatic index (γ) 75
Mean-molecular weight (µ) 2.35
Surface density (Σ0) 888.723 g cm−2
Viscosity (ν) 1 × 1015 cm2 s−1
Initial density profile (Σ) ∝ r−1/2
Initial temperature profile (T ) ∝ r−1
Initial disk aspect ratio (H/r) 0.05
Grid (Nr × Nϕ) 256 × 1024
Computational domain (rmin – rmax) 0.7 – 5 rjup
2.3. Boundary conditions
To maintain a given disk structure in the outer parts of the disk
we implemented the damping mechanism by de Val-Borro et al.
(2006), where specified quantities like radial velocity and angu-
lar velocity are damped towards their initial values. This damp-
ing is described by
dξ
dt = −
ξ − ξ0
τ
R(r)2 , (6)
where ξ ∈ {Σ, vr , vϕ, e}, τ is the damping timescale, and R(r)
is a linear ramp-function rising from 0 to 1 from the damping
star radius to the outer radius of the computational domain. To
be able to measure the mass loss rate in our models we only
damped the velocity components within 0.9 rmax to rmax using a
time factor of τ = 3 × 10−2 · 2πΩK(rmax)−1.
In addition to the damping we used a reflecting boundary
condition at the outer edge so that no mass could escape through
the outer boundary. For the inner edge we used a zero-gradient
outflow boundary condition and measured the amount of mass
lost through this boundary to calculate the mass accretion rate
onto the star. The details of the implementation of the boundary
conditions can be found in Mu¨ller & Kley (2012, Section 2.2).
3. The standard model
Our model consists of a planet with a varying mass of 1 to 16
Jupiter masses (Mjup) orbiting a Sun-like star with a semi-major
axis of 1 rjup = 5.2 au. The planet is fixed in its circular orbit and
therefore cannot change its orbital parameters during the simu-
lation. Beyond rjup the star is surrounded by a gaseous disk that
extends up to rmax = 5 rjup, the outer edge of the computational
domain. The inner radius depends on the model and ranges from
0.7 to 0.9 rjup, where we chose for the main part of our models
rmin = 0.7. The gas disk is set up initially as if there were no
planet with a simple surface density power-law profile of r−0.5
and a temperature power-law profile of r−1. To prevent strong
shock waves in the initial phase of the simulations the planet’s
mass is ramped up slowly over 50 orbits. All the models were run
for a total simulation time of 5000 planetary orbits. For the vis-
cosity we used a constant kinematic viscosity ν = 1015cm2 s−1
that corresponds to an α-value of about 4 × 10−3 at the refer-
ence radius. Table 1 summarizes the parameters of the standard
model.
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Fig. 1. Azimuthally averaged radial profile of surface density of
the isothermal set-up after 5000 orbits with a planet of Mp =
4 Mjup.
4. Isothermal simulations
For the first set of simulations we used a locally isothermal ap-
proach keeping the initial temperature stratification throughout
the whole simulation fixed. We assumed a constant aspect ratio
H/r = 0.05, that corresponds to a temperature profile of r−1 with
137 K at the inner edge and 24 K at the outer edge of the disk.
Similar simulations have been performed by Kley & Dirksen
(2006) for a constant surface density profile; they damped the
surface density at the outer edge of the disk.
4.1. Inner radius dependency
In this first set of simulations, a fixed planet mass of Mp = 4Mjup
was assumed, while the location of the inner radius was var-
ied to check its influence. The L1 point lies at about 0.896 au
and so all radii were chosen in such a way that the Roche-
Lobe of the planet is fully included in the computational do-
main. Kley & Dirksen (2006) showed, that for planets with Mp ≥
3Mjup the disks become eccentric after a very long time (> 1000
orbits). Figures 1 and 2 show the azimuthally averaged sur-
face density and disk eccentricity profiles after 5000 orbits for
Mp = 4Mjup and five different inner radii. For the eccentricity
we calculated first a mass weighted average of each grid cell
and then averaged over the azimuthal direction. We note that the
models are in different phases of their eccentricity oscillation
as shown in Fig. 5. The gap opened by the planet at r = 1 rjup is
clearly visible and the gas in the vicinity has eccentric orbits with
an eccentricity of up to 0.22. The eccentricities for all models are
very similar. The model with the smallest inner radius shows a
slightly smaller eccentricity just outside of the planet inside the
gap. This does not influence the mass flow across the planet,
however. The eccentricity can also be noticed in the surface den-
sity plot show in Fig. 3. In this r-ϕ plot, circular motions are rep-
resented by horizontal lines. However, the gas at the outer edge
of the gap has wavelike perturbations which visualize the eccen-
tricity of its orbit. This is similar to Fig. 1 of Kley & Dirksen
(2006) where the outer disk also becomes eccentric.
These quasi-stationary states of the disks need a rather long
time to establish. Figure 4 shows the disk mass evolution and
Fig. 5 the disk eccentricity evolution of the disks over the total
simulation time of 5000 orbits. The planet’s mass is ramped up
during the first 50 orbits which is indicated by the dotted verti-
cal line. For about the first 1000 orbits (depending on the inner
radius), the disk evolution is very smooth with a nearly constant
mass content and small eccentricity. After this time the disk be-
comes eccentric and thereby loses more mass through the inner
3
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Fig. 2. Azimuthally averaged radial profile of eccentricity of the
isothermal set-up after 5000 orbits with a planet of Mp = 4 Mjup.
Fig. 3. Surface density of the isothermal set-up after 5000 or-
bits with a planet of Mp = 4 Mjup and an inner radius of
rmin = 0.7 jup. The planet is located at the angle of π in this
r − φ representation.
boundary. The simulations with smaller computational domain
(larger rmin) need some more time to develop the disk eccentric-
ity, but after that display a similar evolution.
Figure 6 shows the normalized mass accretion rate through
the inner boundary of the computational domain using a
moving average over 50 orbits. The normalized mass flow
− ˙M(t)/Mdisk(t) is shown where the actual mass of the disk is
used, as the surface density Σ and therefore the disk mass Mdisk
cancel out of the equations in locally isothermal simulations.
During the first ∼ 1000 orbits the mass accretion rate is almost
constant at about 5 × 10−6 Mdisk P−1jup. However, as soon as the
disk becomes eccentric (see Fig. 5) the mass accretion rate starts
to increase as more mass is crossing the planetary orbit and flows
through the inner boundary at rmin.
The initial mass loss through the inner boundary is smaller
than the standard mass accretion rate of stationary, viscous ac-
cretion disks as given by
˙Mdisk = 3πνΣ0 = 8.37 × 1018g s−1 = 1.33 × 10−7M⊙a−1
= 1.58 × 10−6M⊙P−1jup . (7)
After the disk becomes eccentric, it seems to converge against
the value, which is indicated by the horizontal dashed line.
We note that all the figures with normalized mass accretion
rates are displayed in units of P−1jup, whereas accretion rates are
usually given in M⊙ a−1. The 0.7 rjup models have an initial disk
mass of 0.12 M⊙, and because the disks lose less than 20 % of
their mass during the simulation time of 5000 orbits (see Fig. 4),
one can get a rough estimate of the mass accretion rate in M⊙ a−1
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Fig. 4. Total disk mass over time for the isothermal set-up with
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t = 50 Pjup marks the time when the planet has reached its full
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by dividing the values in the figures by a factor of
1
Mdisk
=
1
0.12 M⊙
11.86 a
Pjup
= 98.86 a M−1⊙ P
−1
jup ≈ 100 . (8)
The shapes of the time-dependent curves (Figs. 4 – 6) ap-
pear to be shifted in time, because the disks with the smaller in-
ner computational radii need more time to loose the mass in the
outer disk. This leads to a surface density enhancement at the
outer edge of the gap and subsequently to stronger eccentricity
excitations.
4.2. Planet mass dependency
The final state of the simulations are not strongly dependent on
the minimum radius of the computational domain. So we chose
rmin = 0.7 rjup for the following simulations to compare dif-
ferent planet masses. As shown by Kley & Dirksen (2006), the
outer disk turns eccentric for planetary masses larger than about
3 Mjup. So we varied the planet mass from 1 Mjup to 16 Mjup by
doubling it each step. Figure 7 and 8 show again the radial pro-
files of the surface density and the eccentricity at the end of sim-
ulation after 5000 orbits. We note that the models are in dif-
ferent phases of their global eccentricity oscillation as shown
in Fig. 10. For example, in Fig. 8 the 16 Mjup model shows a
maximum eccentricity of about 0.35, whereas the maximum ec-
centricity varies between 0.32 and 0.4 during one period of the
oscillation. In agreement with the previous results, the simula-
tions with the small mass planets, 1 and 2 Mjup, do not show
any significant disk eccentricity. Beyond a planet mass of about
4
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3-4 Mjup the disk becomes eccentric. As expected, the more mas-
sive planets form a much wider gap in the disk, and the eccen-
tricity of the disk is much higher for the 4 Mjup and more massive
planets.
In Figs. 9 and 10 the disk mass and disk eccentricity over
time are shown. The average disk eccentricity increases clearly
with the planetary mass. It is easy to see that the higher the
planet mass is, the faster the disk eccentricity starts to grow and
that the mass loss starts earlier. Whereas the previously exam-
ined example of the 4 Mjup planet needs about 1000 orbits until
the disk eccentricity grows, the lower mass planet models do
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Fig. 9. Total disk mass over time for the isothermal set-up with
an inner radius of the computational domain of rmin = 0.7 rjup.
The vertical dotted line at t = 50 Pjup marks the time when the
planet has reached its full mass.
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Fig. 10. Global disk eccentricity over time for the isothermal set-
up with an inner radius of the computational domain of rmin =
0.7 rjup. The vertical dotted line at t = 50 Pjup marks the time
when the planet has reached its full mass.
not develop a noteworthy eccentricity at all. The models with
more massive planets start to develop much large eccentricities
almost instantly. The normalized mass accretion rate is displayed
in Fig. 11. There is no clear trend that with increasing planet
mass the mass accretion rate grows or shrinks because there are
two competing effects. The growing disk eccentricity favours the
mass transport across the planet into the inner cavity of the disk
whereas the larger gap due to the larger planet mass hinders mass
transport through this gap. All the mass accretion rates are of the
order of the typical disk accretion rates from Eq. (7).
5. Radiative simulations
In Sect. 4 we performed locally isothermal simulations and
maintained the initial temperature stratification throughout the
whole simulation. In this section we extend the set-up and also
solve for the energy equation (Eq. 1), but neglect the radia-
tive diffusion (2H ∇ (K∇T ) = 0), because in standard accretion
disk models this term is much smaller than the vertical cooling.
Additionally, we neglect stellar irradiation (Qirrad = 0). We redid
the same set of calculations (except for the rmin = 0.4 rjup case)
as in the isothermal case for a direct comparison of the results.
5.1. Inner radius dependency
Figures 12 and 13 show the surface density and eccentricity pro-
files at the end of the simulation. Whereas the shape of surface
density profile does not look too different from the isothermal
5
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4 Mjup.
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Fig. 13. Azimuthally averaged radial profile of eccentricity of
the radiative set-up after 5000 orbits with a planet of Mp =
4 Mjup.
models shown in Fig. 1, the absolute values within the gap are
about a magnitude smaller. All models display a much lower to-
tal eccentricity. The planets also open a gap that can be seen in
Fig. 14, but compared with to the isothermal case (Fig. 3) the
outer edge of the gap is much less distorted because of the much
smaller eccentricity. Only within the gap does a significant ec-
centricity develop and it is a factor of three to four smaller than
in the isothermal simulations (see Fig. 3).
The global disk eccentricity is more or less constant over
time and it reaches its final, very small value shortly after the
Fig. 14. Surface density of the radiative set-up after 5000 or-
bits with a planet of Mp = 4 Mjup and an inner radius of
rmin = 0.7 jup. The planet is located at the angle of π.
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Fig. 15. Total disk mass over time for the radiative set-up with
a planet mass of Mp = 4 Mjup. The vertical dotted line at t =
50 Pjup marks the time when the planet has reached its full mass.
planet has been ramped up. The value of 0.013 at the end of the
simulation is about the same as the value for the first stage in
the isothermal evolution (Fig. 5). Because of the small constant
value of the disk eccentricity there is a small mass loss through
the inner edge of the simulation region, which can be seen in
the disk mass over time simulation shown in Fig. 15. As in the
isothermal models, the mass loss at the start of simulation is de-
pendent on the exact position of the inner boundary, but for the
rest of the simulation the results are only shifted.
The normalized mass accretion rate shown in Fig. 16
is therefore almost constant except for some jitter. For the
0.7 rjup model we obtain an average value of (6.604 ± 0.008) ×
10−7P−1jup after 1000 orbits. Assuming a constant disk mass
(see Eq. (8)), this corresponds to a mass accretion rate of
(6.680 ± 0.008) × 10−9M⊙ a−1, which fits very well to obser-
vational data (Kim et al. 2013). Interestingly, it is now much
smaller than the value given by Eq. (7) in contrast to the isother-
mal simulations, as the disk is much less eccentric and therefore
pushes less mass through the gap. In addition, the disk can ra-
diate its energy away and is therefore much cooler which also
hinders mass transport through the gap. In the next section we
present a comparison of the temperatures in the isothermal and
radiative disks.
Figure 17 shows a zoomed version of Fig. 14 with a different
scaling of the surface density. Within the gap almost no gas is
left (< 0.001 g cm−2), but the spiral arm induced by the planet is
clearly visible.
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Fig. 16. Normalized mass accretion rate over time for the radia-
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Fig. 17. Surface density of the radiative set-up after 5000 or-
bits with a planet of Mp = 4 Mjup and an inner radius of
rmin = 0.7 jup. The planet is located at the angle of π.
5.2. Planet mass dependency
For the comparison of different planet masses we again chose
rmin = 0.7 rjup for the inner boundary. Figures 18 and 19 display
the surface density and eccentricity profiles at the end of the sim-
ulation. As in the isothermal, case the more massive planets open
a deeper gap in the disk. In the isothermal simulations, the disk
eccentricity profiles were much larger for masses Mp ≥ 4 Mjup,
whereas in the radiative models this is only the case for masses
Mp ≥ 8 Mjup. In addition, all eccentricities are smaller than those
seen in the isothermal case. We note again, that the models are
in different phases of their eccentricity oscillation as shown in
Fig. 22. Because the temperature profile can also change during
the simulation, Fig. 20 shows the radial temperature profile at the
end of the simulation. The temperature in the gap is rather low
and therefore we can see the deeper gaps for the more massive
planets even in the temperature profile. The maximum tempera-
ture is always at the outer edge of the gap and is dependent on
the planet’s mass. The edge temperature is the highest for the
4 Mjup and lower for higher and smaller planet masses.
The global disk mass evolution is shown in Fig. 21. The mass
loss through the inner edge now depends on two factors. On the
one hand, the mass flow through the gap will be increased by
the disk’s eccentricity as in the isothermal case. The global disk
eccentricity evolution in time as shown in Figure 22 is similar to
that of the isothermal case. In the radiative case the planet mass
required to reach a certain disk eccentricity is higher than in
the isothermal case. On the other hand thermal pressure changes
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Fig. 18. Azimuthally averaged radial profile of surface density
of the radiative set-up after 5000 orbits with an inner radius of
the computational domain of rmin = 0.7 rjup.
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Fig. 19. Azimuthally averaged radial profile of eccentricity of
the radiative set-up after 5000 orbits with an inner radius of the
computational domain of rmin = 0.7 rjup.
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Fig. 20. Azimuthally averaged radial profile of temperature of
the radiative set-up after 5000 orbits with an inner radius of the
computational domain of rmin = 0.7 rjup.
the depth of the gap which may lead to an enhanced mass flow
across the gap. This is also mass dependent as already seen in
Fig. 20. Figure 23 now shows the normalized mass accretion
rate for the radiative models. As both effects interact we can see
no clear trend for the mass accretion rate. For the two lowest
mass planets (1 and 2 Mjup), the mass accretion rates are high-
est because they have the smallest gap size (see Fig. 18). The
4 Mjup case has a wider and deeper gap with no disk eccentricity
and shows a much smaller accretion rate. For the 8 Mjup case the
disk becomes eccentric and the mass flow increases again, while
for the 16 Mjup case the gap widens substantially such that the
mass flow rate becomes very small.
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Fig. 21. Total disk mass over time for the radiative set-up with
an inner radius of the computational domain of rmin = 0.7 rjup.
The vertical dotted line at t = 50 Pjup marks the time when the
planet has reached its full mass.
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Fig. 22. Global disk eccentricity over time for the radiative set-
up with an inner radius of the computational domain of rmin =
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Fig. 23. Normalized mass accretion rate over time for the radia-
tive set-up with an inner radius of the computational domain of
rmin = 0.7 rjup. The values are plotted as a moving average over
50 orbits to remove jitter. The vertical dotted line at t = 50 Pjup
marks the time when the planet has reached its full mass and the
horizontal dashed line is the gas accretion rate given by Eq. (7).
5.3. Disk mass dependency
In the isothermal models the normalized mass accretion rate was
independent of the disk mass Mdisk because as the surface den-
sity Σ cancels out of the equations. Therefore, the mass accretion
rate scales with the same factor as the surface density, for exam-
ple if we decrease the surface density by a factor of 10, the mass
accretion rate decreases by a factor of 10.
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Fig. 24. Normalized mass accretion rate over time (upper panel)
and mass accretion rate over time (lower panel) for the radia-
tive set-up with an inner radius of the computational domain of
rmin = 0.7 rjup and a planet mass of Mp = 4 Mjup. The values are
plotted as a moving average over 50 orbits to remove jitter. The
vertical dotted line at t = 50 Pjup marks the time when the planet
has reached its full mass.
In the radiative case, however, this is no longer true.
Figure 24 shows the normalized mass accretion rates and the
mass accretion rates for different disk masses. The normalized
mass accretion rates (upper panel of Fig. 24) seem to scale in the
wrong direction at first sight. For example, the Mdisk = 0.12 M⊙
model has a smaller normalized mass accretion rate than the
Mdisk = 0.012 M⊙ model, but if we calculate the mass accre-
tion rates (lower panel of Fig. 24) with Eq. (8) the trend flips
as expected and the Mdisk = 0.12 M⊙ model has a larger mass
accretion rate than the Mdisk = 0.012 M⊙ model, but it does not
scale with the same factor as the disk mass. For the rest of the
simulations we used the Mdisk = 0.12 M⊙ model.
6. Comparison of different models
In this section we extend our models again for radiative diffu-
sion and stellar irradiation and compare the following four differ-
ent models: the isothermal set-ups from Sect. 4 with a constant
temperature stratification throughout the simulation, the radia-
tive set-ups from Sect. 5 where we solve the energy equation
with viscous dissipation and radiative cooling, the radiative with
diffusion set-ups where we also solve the radiative diffusion in
the r–ϕ plane, and the radiative with irradiation set-ups where
we include radiative diffusion and stellar irradiation. As radia-
tive diffusion and stellar irradiation are very costly in terms of
computation time we ran those models only with an inner ra-
dius of rmin = 0.7 rjup and planet masses of Mp = 4 Mjup and
Mp = 8 Mjup.
Figures 25 and 26 show the disk mass and disk eccentricity
evolution over the whole simulation for the Mp = 4 Mjup mod-
els. The isothermal model shows a huge difference in both plots.
The disk loses much more mass and becomes significantly more
eccentric. Between the radiative model and the radiative with
diffusion model there is barely a visible difference, so that the
neglect of the radiative diffusion in accretion disk simulations
is a valid assumption. The addition of irradiation increases the
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Fig. 25. Total disk mass over time for different set-ups with an
inner radius of the computational domain of rmin = 0.7 rjup and
a planet mass of Mp = 4 Mjup. The vertical dotted line at t =
50 Pjup marks the time when the planet has reached its full mass.
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Fig. 26. Global disk eccentricity over time for different set-ups
with an inner radius of the computational domain of rmin =
0.7 rjup and a planet mass of Mp = 4 Mjup. The vertical dotted
line at t = 50 Pjup marks the time when the planet has reached
its full mass.
mass loss again because the disk is much hotter, but it does not
play an important role for the global disk eccentricity.
The normalized mass accretion rate of all models in shown in
Fig. 27. As already seen in Fig. 25, the mass loss of the isother-
mal model is much larger than all the other models. The radiative
with diffusion model has a slightly larger accretion rate than the
radiative model, but both are smaller than the standard mass ac-
cretion rate of stationary accretion disks (Eq. 7). The accretion
rate of the radiative with irradiation model needs much more
time to converge and is significantly larger than those of the other
two radiative models.
Therefore, the mass accretion in the irradiative model must
be driven by thermal pressure through the gap, as the eccentric-
ity is the same. This can be seen in Fig. 28, which shows the
temperature profiles of all models after 5000 orbits. The isother-
mal model still has the unchanged initial condition, whereas the
radiative models show a temperature drop in the gap. The radia-
tive with diffusion set-up shows a slightly higher temperature in
the gap as heat is diffused into the gap from the outer edge. The
temperature of radiative with irradiation is much higher overall,
especially in the outer regions, but the gradient on the outer edge
of the gap is also much steeper and therefore has pushed more
material through the gap.
In Fig. 29, we display the surface density at the final state
after 5000 orbits for all our models. In the outer part of the disk,
all models show comparable surface densities. In the inner gap
region, the densities are typically 3 to 4 orders of magnitude
smaller than in the outer disk. As expected by the mass accretion
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Fig. 27. Normalized mass accretion rate over time for differ-
ent set-ups with an inner radius of the computational domain of
rmin = 0.7 rjup and a planet mass of Mp = 4 Mjup. The vertical
dotted line at t = 50 Pjup marks the time when the planet has
reached its full mass and the horizontal dashed line is the gas
accretion rate given by Eq. (7).
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Fig. 28. Azimuthally averaged radial profile of temperature of
the isothermal, radiative, radiative with diffusion and radiative
with irradiation set-up after 5000 orbits with an inner radius of
the computational domain of rmin = 0.7 rjup and a planet mass of
Mp = 4 Mjup.
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Fig. 29. Azimuthally averaged radial profile of the surface den-
sity of the isothermal, radiative, radiative with diffusion and ra-
diative with irradiation set-up after 5000 orbits with an inner ra-
dius of the computational domain of rmin = 0.7 rjup and a planet
mass of Mp = 4 Mjup.
rates, the isothermal and irradiated models show an enhanced
density in the gap region. In contrast, the radiative models have
a surface density about an order of magnitude smaller inside the
gap. For the most realistic irradiated models, the density con-
trast is about 4 orders in magnitude. For models with the 8 Mjup
planet the principal surface density structure is very similar for
the radiative models.
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7. Summary and conclusions
We have performed hydrodynamic simulations of transitional
disks where the inner edge is formed by a very massive planet
and studied the mass flow rate of the gas from the outer disk
into the inner cavity. For comparison, we have studied locally
isothermal disks as well as viscously heated radiative disks in-
cluding irradiation from the central star.
We find that the mass flow past the planet is largest for the
isothermal models. These have a much higher temperature in the
inner regions of the disk and the corresponding pressure gradient
is partly responsible for the high mass flow. The second contri-
bution comes from the eccentricity of the disk for planet masses
beyond roughly 3 Mjup. The disk has its largest eccentricity near
its inner edge, and reaches about 0.2 for the 4 and 8 Mjup planets
and up to 0.35 for the 16 Mjup planet in the isothermal disk. For
larger radii the disk eccentricity slowly declines. For eccentric
disks the planet passes periodically through the disk which leads
to the enhanced mass accretion into the inner gap. The asym-
metries in recent observations (e.g. Mayama et al. 2012) can be
explained by these eccentricities or by a vortex within the disk
(Ataiee et al. 2013).
In the radiative cases, there are two reasons why the mass
mass accretion rate is generally much smaller. First, the temper-
ature is much smaller in the gap region which leads to a smaller
pressure effect, and second the radiative models have a smaller
disk eccentricity than the isothermal models. The maximum disk
eccentricity is around 0.2 for the most massive 16 Mjup planet.
The reduction in eccentricity comes about because the emission
of radiation from the disk surfaces leads to an energy leakage
of the eccentric modes of the disk. The model including stellar
irradiation shows again a larger mass flow which is still smaller
than the purely isothermal disk.
The surface density contrast between the outer and inner disk
is interesting. In the eccentric disk case we find a contrast of
about four orders of magnitude which is even larger in the non-
eccentric disk cases. Despite this large contrast in surface den-
sity, the mass accretion rate past the planet into the gap changes
by much less. For the isothermal models it is always comparable
to the typical disk accretion rate (see Fig. 11) in contrast to the
observations that show a reduction of about an order of magni-
tude compared to stationary disks (Kim et al. 2013). However,
for the more realistic radiative cases, the mass accretion rate can
be reduced by over an order of magnitude, if the disk is not ec-
centric, i.e. if the planet is smaller than about 5 Mjup. This mass
flow rate is in good agreement with the observations (Kim et al.
2013). For larger mass planets and eccentric disks the mass flow
rate is about 40 % of the standard equilibrium disk value (see
Fig. 23).
Our model contains several restrictions that could be im-
proved on in subsequent works. The models are only 2D because
3D runs over this extended simulation time of several thousand
orbits are not feasible at the present time. We estimate that be-
cause of the large mass of the planets and the deep gaps that are
opened, the differences between 2D and 3D may be not too large.
For Jupiter-mass planets the gaps are nearly indistinguishable
(Kley et al. 2001) in 2D and 3D. Furthermore, the planets cannot
accrete material from their surroundings. Because of the strong
decline of the density in the gap, this effect may be more impor-
tant for low mass planets as well. It may play a role, however,
in the eccentric disk case where it could lead to higher planet
masses than otherwise reachable (Kley & Dirksen 2006).
In our models we kept the planet fixed in a circular or-
bit, while it is known that the planets will tend to migrate
because of the torques of the outer disk. For circular planets
in non-eccentric disks, the migration will be directed inwards.
However, the eccentric disk for more massive planets will make
the orbit the slightly eccentric and the migration rate slows
considerably (D’Angelo et al. 2006). For e ≥ 0.2, the migra-
tion may be even outwards, but these high planetary eccentric-
ities are only reached for very massive planets beyond 10 Mjup
(Papaloizou et al. 2001). However, all these results are only ob-
tained using locally isothermal disks. The question of planetary
migration and possible eccentricity growth will have to be ad-
dressed in future simulations. In our case, we might consider the
simulated single planet being the outermost planet in a multiple
system. Our results should then give a good approximation of
the expected mass flow of the gas into the gap.
We also did not include any dust particles within the models.
Rice et al. (2006) showed that the outer edge of the gap acts as
a filter for larger particles (& 10 µm). However, the simulations
by Rice et al. are only locally isothermal. The question whether
this filter mechanism also works within more realistic, radiative
simulations will also have to be addressed in future simulations.
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